In this paper, we present superhydrophobic micro/nano dual structures (MNDS). By KOH-etching of silicon, well-designed microstructures (MS), including inverted pyramids and V-shape grooves, are first fabricated with certain geometry sizes. Nanostructures (NS) made of high-compact high-aspect-ratio nanopillars are then formed atop MS by an improved controllable deep reactive ion etching (DRIE) process without masks, thus forming MNDS. Resulting from both the minimized liquid-solid contact area and the fluorocarbon layer atop deposited during the DRIE process, the MNDS show a reliable superhydrophobicity. The contact angle and contact angle hysteresis are ~165° and less than 1°, respectively. This superhydrophobicity of MNDS is very stable according to squeezing and dropping test, even in high voltage conditions with the electrowetting threshold voltage of ~300 V. Therefore, this micro/nano dual-scale structure has strong potential applications in the self-cleaning surface and superhydrophobic micro/nano fluidics. 
INTRODUCTION
Hydrophobic materials attract intensive attentions for several decades, resulting from their various potential and practical applications ranging from the industrial production to the fundamental research. 1, 2 Roughening the surface of low surface-energy materials (with contact angle > 90°) can enhance its hydrophobicity. 3, 4 Nanostructures, such as nanowires, nanopillars and nanoporous, have been utilized to roughen the surface or the sidewall of hydrophobic structures to realize the superhydrophobicity (with contact angle > 150°). 5, 6 The fabrication methods of non-wetting nanostructures are commonly classified into two categories. One is based on masks, such as nanoimprinting lithography and nanosphere lithography, 7, 8 which contain several steps and need fine masks transfer. The other one is free of masks, such as electrochemical method, reactive ion etching (RIE), femtosecond laser and bottom-up approach. [9] [10] [11] [12] [13] However, these maskless methods face other challenges. For example, electrochemical method is hard to control and not compatible to the standard CMOS process, and RIE is difficult to realize high-aspect-ratio structures, which can further improve the characters of nanostructures, and both femtosecond laser and bottom-up approach typically have relatively low processing efficiency.
In order to overcome these drawbacks, we present an improved DRIE process, which is controllable, large-area, maskless and compatible to CMOS process.
14 During standard Bosch DRIE process, etching steps and passivation steps alternate to realize high-aspect-ratio structures. However, when the passivation step is enhanced by optimized process parameters, such as increasing passivation gas flow, the deposited polymer layer cannot be completely removed by next etching step. Consequently, the residual polymer particles will act as self-masks in the etching step, and protect the silicon underneath thus forming nanopilliars. Based on this improved DRIE process, the designed MNDS can be obtained by fabricating nanostructure on the sidewalls of well-designed microstructures. Due to both the minimized liquid-solid contact area and the fluorocarbon layer atop deposited during the DRIE process, this MNDS enhance its liquid properties (i.e. superhydrophobicity) remarkably.
EXPERIMENTAL DETAILS
MNDS was realized by two major steps, including anisotropic wet etching and DRIE process to form microstructures and nanostructures, respectively. First, about 2000 Å Si 3 N 4 was deposited atop the N-type (100) polished silicon wafer with 0.05-0.2 Ω-cm resistivity by low-pressure chemical vapor deposition (LPCVD) process. After photolithograph and RIE process, the Si 3 N 4 layer was then patterned to form square arrays and parallel strips. Sequentially, the silicon wafer was dipped into 30% KOH solution at 85 º C to form well-designed microstructures. Two different types of microstructures were fabricated, inverted pyramids and grooves, and each microstructure type contains two different cross-sections, i.e. inverted triangle and trapezoid, by controlling the KOH-etching time. Second, after removal of Si 3 N 4 layer by RIE process, nanostructures were directly fabricated atop microstructures by the improved controllable DRIE process without masks.
In this experiment, an inductively coupled plasma (ICP) etcher (Surfacing Technology Systems plc, Multiplex ICP 48443) was utilized, and the etching and passivation gases are SF 6 and C 4 F 8 , respectively. The optimized recipe, i.e., SF 6 = 30 sccm, C 4 F 8 = 50 sccm, platen power = 10.5 W, E/P = 6s: 6s, and total cycle of etching/passivation = 80, was obtained by separate and contrast experiments.
RESULTS AND DISCUSSIONS

FABRICATION OF MICRO/NANO DUAL STRUCTURES
In order to optimize the design and investigate the relation between structural parameters of MNDS and characters, different combinations of structural parameters, i.e., width (w) of 10 -19 µm, space (s) of 2 -16 µm, and depth (d) of 4.4 -13.4µm , are used. Figure 1 shows scanning electron microscope (SEM) images of MNDS. Highly compact high-aspect-ratio nanostructures completely cover microstructures, even on inclined surfaces. The height and the diameter of MNDS are 1 -5 µm and ~400 nm respectively, and thus the aspect-ratio achieves 2.5 -12.5. Furthermore, there are ~200 nanotips per 10µm ×10µm , which is highly dense.
LIQUID PROPERTIES
One important study of MNDS is liquid properties. The static contact angle of MNDS was measured by OCA 20 video-based contact angle meter (DataPhysics Instruments GmbH), while other liquid properties were tested by JC2000D contact angle meter (POWEREACH). Figure 2 shows the measurement results of the static contact angle (CA) of MNDS. Obviously, the inverted pyramids type of MNDS achieves higher CA than the V-shape grooves type. Meanwhile, for the same type, inverted triangle cross-section exhibits higher superhydrophobicity than inverted trapezoid cross-section. CA achieves the largest value of ~165° (with a water droplet of 2 µL) on the optimized MNDS (i.e. inverted pyramids type with inverted triangle cross-section) with width of 13 µm , space of 2 µm , and depth of 9.2 µm . In following analyses, we will focus on this type of the optimized MNDS.
The sample flat was adjusted to be almost horizontal with the inclined angle less than 1°. A 10 µL water droplet cannot stand on this horizontal flat, as is shown in Figure 3 . Thereby, the contact angle hysteresis of optimized MNDS is below 1°. According to CA and sliding tests, i.e. ultra-large CA and extremely small CA hysteresis, the Cassie's model may be used to describe the liquid property of MNDS. [15] [16] [17] Furthermore, ultra-large CA and extremely small CA hysteresis make these MNDS very useful for superhydrophobic applications, especially to realize self-clean surface. When the rain water drops on these MNDS surfaces, it will flow away and take dusts and particles away, namely self-cleaning.
In order to verify the reliability and stability of the superhydrophobicity of MNDS, squeezing and dropping tests also have been done. A 10 µL water droplet suspended on the tip of an injector, and the sample flat beneath the droplet was then raised to touch and squeeze the droplet. Sequentially, the sample flat descended and departed from the droplet, but the water droplet was still suspended on the tip, shown in Figure 4 . Figure 5 shows that a 15 µL water droplet which dropped from the height of ~5 mm with an initial speed of 0 m/s impacted the sample of MNDS and bounced for 4 -5 times until the potential energy was completely consumed by the friction and water internal flow. Squeezing and dropping tests demonstrate the superhydrophobic effectiveness of MNDS which is completely free from being wetted.
For hydrophobic materials, electrowetting is an important and useful property in many applications, such as display devices. 18, 19 However, in other fields, such as electricity driven micro/nano fluidics, the reliable superhydrophobicity even in high voltage situation is needed. Combining a Picoammeter/Voltage Source (6487, Keithley Instruments Inc.) with the contact angle meter, the curve of contact angle versus applied voltage has been obtained, shown in Figure 6 . Clearly, the contact angle of MNDS is almost a constant of 158° in the voltage range from 0 V to 300 V with a 10µL water droplet, though it becomes 143° and 115° under the voltage of 350 V and 400 V respectively. Therefore, the electrowetting threshold voltage of these MNDS is ~300 V, which is higher than that of normal electrowetting materials (below 200 V).
CONCLUSIONS
By utilizing anisotropic wet etching to form well-designed microstructures and controllable maskless DRIE process to fabricate high-compact high-aspect-ratio nanostructures, micro/nano dual structures (MNDS) have been realized, and the fabrication process is inexpensive, compatible and mass-produced. These MNDS show reliable and excellent superhydrophobicity (i.e., with CA of 165° and CA hysteresis of less than 1°), which mainly results from two points. First, well-designed MS enlarge the ratio of area to volume of the silicon substrate, and highly compact high-aspect-ratio NS minimize the liquid-solid contact area. Second, the fluorocarbon layer deposited during the optimized DRIE process also contributes to the liquid property and further increases the superhydrophobicity. Therefore, these MNDS are attractive candidates for hydrophobic devices applications. 
